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Introduction
Glass fibre reinforced composites (GFRCs) have been widely used in many engineering applications such as automotive, aeronautics and civil construction, combining high specific strength/stiffness, thermal stability and lower cost material compared to carbon and aramid fibres [1] . The brittle nature of most fibre reinforced composites (FRCs) plays an important role in progressive failure mode and energy absorption capability of composite structures [2] .
One way to enhance the mechanical properties of fibre reinforced composites (FRCs) is to improve the properties of the epoxy matrix phase by adding micro or nanoparticle inclusions [3] , being referred to as hybrid fibre reinforced composites (HFRCs) [4] . Particular types of particle-reinforcement have been proposed in open literature, including hybridization through micro-scaled [5] and nano-scaled inclusions (i.e. carbon nanotubes, graphene sheets, alumina, titanium oxide and silica particles [6] [7] [8] [9] . The mechanical enhancement of HFRCs has been attributed to the interaction between fibres and particle-reinforced polymer [10] . In the case of silica particle inclusions, unsaturated bonds and various hydroxide groups can contribute to enhance the adhesion between the fibre and the matrix phase [11] .
Impact damage is considered to be a primary cause of in-service delamination in composites, which can reduce the residual strength by as much as 60%. In fact, the poor tolerance to accidental low velocity impact of composite laminates is still a limitation to their use in many applications. An improvement of impact resistance by adding particle inclusions along with no degrading of flexural properties has been reported in the literature [12] [13] [14] .
Detomi et al. [15] have reported the flexural behaviour of hybrid glass fibre reinforced composites with silicon carbide and silica particles incorporated at the upper beam side of the laminate. An increase in flexural strength and specific strength up to 110% and 112%, respectively, were achieved compared to the glass fibre reinforced composite. The use of ceramic particles at the compressive beam side under bending loadings contributes to enhancing the stiffness of the matrix phase, consequently compensating for the low compressive strength of the fibres.
The incorporation of Portland cement particles into epoxy polymer led to an increase of stiffness and toughness under compressive loading. Hydrated cement products have been found inside the epoxy polymer with no water addition. The mechanical enhancement was attributed to the presence of stiff hydrated cement grains and secondary bonds (hydrogen bonds) [16] .
Based on the achievements previous reported [15, 16] , a hybrid glass fibre reinforced composite (HGFRC), containing cement or silica microparticles at the compressive beam side, was assessed by apparent density, impact resistance and threepoint-bending test.
Materials and Methods
Unidirectional glass-fibre fabric (107 g/cm 2 ) was supplied by Owens CorningBrazil, while the epoxy resin (RenLam M) and the hardener (HY 956) were provided by Huntsman-Brazil. The silica microparticles were sourced from Moinhos Gerais
Company (Brazil), while the cement microparticles were supplied by Holcim Company (Brazil).
Experiment I consisted of a full factorial design (2 1 3 1 ) to investigate the effect of microparticle types (cement and silica) and their particle weight fractions (3, 5 and 10wt%) on the compressive modulus of particle-reinforced epoxy polymer ( Table 1 ).
The microparticles were classified in monomodal size at 37µm using a laboratory sieve.
Subsequently, the particles were hand-mixed with the epoxy polymer for 5 minutes.
Silicone cylindrical moulds were used to obtain the specimens for the compression testing based on the recommendations of ASTM 695 [17] .
[ Table 1 ] Experiment II was conducted based on a full factorial design (3 2 ) to evaluate the effect of the factors, number of layers (7, 9 and 11) and particle inclusions (0wt% and 5wt% of cement and silica) on the apparent density, impact resistance, flexural modulus and strength of HGFRCs ( Table 2 ). The volume fraction of fibres (30%) and the weight fraction of particles (5wt%) were considered constant in the experiment based on the results of preliminary tests. The laminates were fabricated using a hand lay-up method at room-temperature (25±1 o C). The dispersive phases consisted of unidirectional glass fibres and silica or cement microparticles. The particles were hand-mixed with the epoxy resin for 5 minutes, and then used to laminate the layers placed above the neutral axis of the composite beam. A pristine epoxy polymer was used to laminate the layers placed under the neutral axis of the composites. It is well known the hydrated cement paste increases strength as a function of time up to nearly 28 days [18] . Therefore, in order to avoid non-controlled factors in the experiment, the cure time of 28 days was used. A randomization procedure was adopted during the sample fabrication and the experimental tests. Five samples were produced for each experimental condition, and two replicates were carried out over a total of 90 specimens. The samples were placed into a plastic container to protect the specimens from humidity during the cure time. A replicate consists of repeating the experimental condition (E.C.), making possible, therefore, to estimate the experimental error related to the individual response [19] .
Flexural and impact tests were carried out according to ASTM D790 [20] and ASTM 6110 [21] standards to determine the flexural strength and modulus and impact resistance of the composites. The apparent density was calculated based on the recommendations of ASTM D792 [22] using a precision balance (0.001 g) and distilled
water at 25°C. A tensile machine Shimadzu AG-X Plus with a 100kN load cell and an impact test machine XJJ-50 Series were used to perform the three-point bending test
and impact resistance, respectively. The impact tests were only conducted on 11 layer composites made of 5wt% of particles (silica or cement), that achieved higher flexural mechanical properties.
[ Table 2 ]
[ Table 3 ] Table 1 shows the mean compressive modulus for replicate 1 and 2. The interaction of the factors significantly affected the response, showing a P-value lower than 0.05 (Table 3 ). Figure 1 shows the interaction effect plot of the factors Type of particle and Particle inclusion for the mean compressive modulus. Cement particles achieved higher modulus compared to silica inclusions for all particle weight fractions.
Results

Experiment I. Particle reinforced epoxy polymer
Both microparticles provided superior stiffness when 5wt% of particle inclusions was considered. A percent increase of 67% was achieved compared to the baseline pristine condition (polymer without particle inclusions). Panzera et al. [16] have found a significant increase in mechanical properties of Portland cement-reinforced epoxy polymers. The mechanical enhancement was attributed to the presence of hydrated cement products (Figure 2 ) which stiffens the epoxy polymer.
[ Figure 1 ] MEV/EDS analyses were performed on an epoxy polymer with Portland cement inclusions. Figure 2 (a) shows a backscattering electron image, which reveals the cement particles are well distributed in the polymer. A higher magnification image (1000×) is shown in Figure 2b , which was analysed via EDS technique. The cement particles consist of some clinker elements (non-hydrated products) such as, calcium, silica, oxygen, aluminium and magnesium (probably calcium silicates and aluminates). The presence of carbon reveals the epoxy polymer matrix phase (Figure 2c and 2d) .
In polymers, a cross-link effect is considered a bond technique that links one polymer chain to another, being used to enhance the polymer stiffness. This effect can be achieved by chemical (covalent and ionic) or only physical bonds. A stiffness increase was achieved when the polymer was embedded with ceramic particles ( Figure   1 ). In order to better assess the presence of cross-link bonds, TGA and FTIR analyses were conducted.
[ Figure 2] 
Thermogravimetric (TGA) and Infrared Spectroscopy (FTIR) analyses
The mechanical properties of epoxy polymer are often linked directly to its crosslink density. Some changes in crosslink density invariably lead to changes in mechanical properties [23] .
The TGA curves of pristine epoxy, silica/epoxy, and cement/epoxy at a heating rate of 20 C/min indicate the epoxy and silica/epoxy start to degrade nearly at 366 C ( Figure 3a ) and 369 C (Figure 3b ), respectively. Some authors [24] have reported the presence of silica particles within the polymer slightly increases its degradation temperature, demonstrating a physical interaction with the polymer chains. Figure 3c shows the epoxy polymer reinforced with cement particles is more stable than the pristine condition and the silica reinforced polymer, starting decomposition nearly at 377 C.
[ Figure 3 ]
In FTIR analysis, many functional groups, such as the C-O bonds, show bands between 1100 and 1230 cm -1 [25] . However, wavenumber 1218 cm -1 can be attributed to C-C, C-O (stretching) [26] or (C-OH stretching) [27] or (-CH bending) mode (out of plane) [28] . A slight increase in absorption at 1230 cm -1 and 1218 cm -1 was evidenced when cement particles were incorporated (Figure 4) . These results are found in the reaction of the primary amine with the epoxide to form secondary and tertiary amines that are the main chemical reactions for the epoxy reticulation process [29] . This behaviour can contribute to the increase of crosslink polymeric density which enhances the high mechanical properties of epoxy polymers, such as the compressive strength and stiffness [30] .
[ Figure 4] 
Experiment II: Hybrid glass fibre reinforced composites (HGFRC)
Apparent density (g/cm 3 )
The mean apparent density data of the composites varied from 1.644±0.016 to 1.685±0.011 g/cm 3 ( Table 2 ). Table 3 shows the main factor quartz particle inclusion significantly affected the apparent density of the composites, since a P-value lower than 0.05 was obtained. Figure 5 shows the main effect plot of the particle inclusion on the mean apparent density response. The composites made of cement particle inclusions provided higher apparent density (1.20%) than silica particle inclusions, which can be attributed to the difference in density found for each material. The mean apparent densities for cement and silica particles were measured via gas pycnometer (AccuPyc II 1340 Model) finding 3.12±0.10 and 2.69±0.02 g/cm 3 , respectively.
[ Figure 5 ]
Flexural modulus (GPa)
The mean flexural modulus of the composites varied from 20.39±0.94 to 43.41±0.66 GPa ( Table 2 ). The main factors significantly affected the flexural modulus,
showing P-values lower than 0.05 (Table 3 ). Figure 6 presents the main effect plots for the mean flexural modulus. The increasing number of layers provided the increase of composite stiffness, i.e. a change from 7 to 11 layers represented an increase of 56.5%
in flexural modulus. The composite thickness is directly related to the area moment of inertia of the beam, consequently, affecting the stiffness of the composites. Silica and cement particle inclusions led to an increasing in flexural modulus of 19.60% and 28.70%, respectively.
[ Figure 6 ]
Flexural strength (MPa)
The mean flexural strength data of the composites varied from 423.12±38.86 to 846.02±21.78 MPa (Table 2) . Table 3 shows a second order interaction significantly affecting the response. Figure 7 shows the interaction effect plot for the mean flexural strength response. Higher flexural strengths were achieved when the composites were fabricated with 5wt% of cement particles. The composite strengthening effect by adding particle inclusions is slightly reduced when the number of layers is increased. It is emphasized that 7 layer HGFRC with 5wt% of silica or cement inclusions achieved superior strength compared to 9 layer GFRC. In the same way, 9 layer HGFRC with 5wt% of cement inclusions led to a superior strength compared to 11 layer GFRC.
These results reveal that a similar flexural strength can be simultaneously achieved by the reduction of laminate thickness and the incorporation of particles, being able to reduce the final cost of composite structures.
The bending testing combines tensile, compressive and shear loadings. The particles were incorporated only at the upper compressive beam side of the composite. Figure 1 revealed the cement particle inclusions in epoxy polymer were able to increase its compressive modulus by 67%. The flexural strength/stiffness enhancement provided by the particle inclusions can be attributed to (i) the increase in mechanical performance of matrix phase, (ii) the increase in the fracture energy due to the localised plastic shear bands initiated by the stress concentrations around the periphery of the particles, and (iii) the debonding of the microparticles followed by subsequent plastic void growth of the epoxy polymer [11] .
[ Figure 7 ]
Impact resistance (J)
HGFRCs fabricated with 11 layers which achieved higher flexural mechanical properties were assessed by impact testing. An Analysis of Variance -One way was considered to evaluate the effect of particle inclusions on the impact resistance. The mean impact energy data for HGFRC varied from 3.33±0.17 to 4.88±0.48 J ( Table 2) . A P-value of 0.003 revealed the particle inclusions significantly affected this response. R 2 (adj) of 97.74% demonstrated the data has good fit to the regression model. Figure 8 shows the main effect plot of particle inclusions for the mean impact resistance. The percent increases of 39.5% and 9.8% in impact resistance was found by adding 5wt% of cement and silica particles, respectively, compared to GFRC. The mean impact resistance of HGFRC with cement particles was 29.7% higher than silica particles.
[ Figure 8 ]
Rahmanian et al. [14] have proposed an energy dissipation mechanism for hybrid particle-fibre composites under impact loading, as follows: (i) strong particles-fibre and particles-matrix interactions increases fibre-matrix debonding energy, (ii) strong particles-fibre and particles-matrix interactions possess more strength so crack growth requires more energy, and (iii) higher interfacial shear stress transfer between fibre and matrix increases the energy for fibre pull-out. The achievements found in this work implied the physical interactions between cement grains and epoxy polymer were substantially stronger than crystalline quartz particles, leading to a large dissipation of energy, consequently increasing the impact resistance of HGFRCs. (Figure 9b ), which reveals a wider crack. Figure 4 indicated the flexural modulus of HGFRC made with 5wt% of cement particles was 9.1% higher than those made of 5wt% of silica particles, revealing a significant difference in stiffness.
Microstructural analysis
[ Figure 9 ]
Conclusions
In general, the compressive modulus of epoxy resin increased by adding silica or cement particles. A major percent increase of 67% was achieved when 5wt% of cement particles were incorporated. This behaviour was attributed to the cross-linked effect 
